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Abstract

The significance of liquids in abrasive wire sawing has been demonstrated in several studies. However, the perfor-
mance of its spreading behavior is limited by the current development trend, where the wafer has a larger area

and the kerf is narrower. Moreover, there are very few studies on the liquid spreading behavior in wire-sawn kerfs.
Therefore, a 3D CFD (computational fluid dynamics) model is presented in this paper and used to simulate the liquid
spreading behavior in a kerf based on a VOF (volume of fluid) method with a CSF (continuum surface force) model,
which is used to simulate multiphase flow, and an empirical correlation for characterizing the liquid dynamic contact
angle using UDF (user defined functions). Subsequently, parametric simulations are performed on the kerf area, kerf
width, liquid viscosity, liquid surface tension, and liquid velocity at the inlet area of the kerf, and verification experi-
ments are conducted to determine the validity of the simulation model. From the simulation and experimental
results, three typical liquid spreading regimes that exhibit different effects on wire sawing in the kerfs are found,

and their limiting conditions are identified using non-dimensional analysis. Subsequently, a prediction model is pro-
posed for the liquid spreading regime based on a set of Weber and Capillary numbers. For wire sawing, an increase
in the wafer area does not change the liquid spreading regime in the kerf; however, a reduction in the kerf width sig-
nificantly hinders the liquid spreading behavior. Thereby, the spreading regime can be effectively converted to facili-

tate wire sawing by adjusting the physical properties and supply conditions of the liquid.
Keywords Spreading regime, Kerf, CFD, Non-dimensional analysis, Prediction model

1 Introduction

Abrasive wire sawing technology has been widely applied
in wafer production in the semiconductor and photovol-
taic industry. Since the 1990s, multi-wire slurry sawing
(MWSS) has been applied in slicing silicon ingots owing
to its high throughput, smaller kerf loss, and ability to
slice large-sized ingots [1-3]. Recently, diamond wire
sawing (DWS) was promoted and achieved industrial
status owing to its efficient material removal [4, 5]. In
abrasive wire sawing, the cutting liquid is directly sprayed
onto the kerf or onto a high-speed moving (5-30 m/s)
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wire web, which then carries it into the sawing channel,
as shown in Figure 1(a), (b). Here, the significance of the
liquid should not be underestimated owing to the nature
of its main functions: lubrication, cooling, and chip
removal [6, 7]. Particularly, for MWSS, the cutting fluid
is used to carry abrasive particles into the sawing channel
to achieve material removal.

Considerable research efforts have been devoted to
the liquid behavior during abrasive wire sawing owing
to its indispensable role. Thus far, majority of the stud-
ies have focused on MWSS because of its earlier devel-
opment, which dates back to when Bhagavat et al. [8]
proposed a 2D model for simulating the EHD (elasto-
hydrodynamic) interaction between wire and slurry. They
assumed that the flow is incompressible, steady, and lam-
inar, and used the finite element method to analyze the
slurry film thickness and pressure distribution. Moreover,
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Figure 1 Two main liquid supply modes in abrasive wire sawing: (a)
Spraying into the kerf, (b) Spraying onto a moving wire web

Moller et al. [1] also presented a 2D model for analyzing
the EHD behavior of slurry, and several other studies by
Bhagavat et al. [8] and Yang et al. [9] have addressed the
abrasive behavior of slurry and clarified the prominent
impact of the liquid film thickness and pressure distribu-
tion on material removal. Furthermore, the significance
of the coolant liquid on the thermal environment of wire
sawing has also been demonstrated using finite element
simulations [10-12].

Although it is not clearly stated, in all the above stud-
ies, it is acquiesced that the liquid can enter the sawing
channel and remain in a continuous and saturated state.
However, a crucial question is overlooked: Whether and
how the liquid can enter the sawing area. Therefore, Ishi-
kawa et al. [13] observed the formation of the air layer in
the sawing channel, and Nassauer et al. [14] observed the
phenomenon of emerging and collapsing micro bubbles
in the sawing experiments. Based on these, it was con-
firmed that there is air in the sawing channel and the lig-
uid is not saturated, which may prevent the liquid from
performing its function and result in dry cutting.

Recently, advances in fabrication have resulted in the
development of abrasive wire sawing technology to pro-
duce larger wafer diameters (from 2 inches to 12 inches)
and smaller wire diameters with a lower kerf loss (the
current minimum wire diameter is up to 60 pum). This
trend promotes the use of a larger sawing kerf area and
narrower kerf width in the sawing process. The complex
fluid environment at small scales creates entirely new
challenges to the entering-spreading behavior of the lig-
uid in the kerf. Nevertheless, for abrasive wire sawing,
neither the entering-spreading behavior of the liquid nor
the introduction of air has been explicitly represented,
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and the liquid supply mode involving direct spraying on
the kerf has not been investigated. Moreover, most of the
abovementioned studies employ 2D models for simula-
tion, which have inevitable limitations when simulating
actual conditions.

In this paper, a 3D CFD model is constructed to sim-
ulate the liquid spreading behavior in a kerf, and para-
metric simulations are performed on the kerf area, kerf
width, liquid viscosity, liquid surface tension, and liquid
velocity at the kerf inlet area. Furthermore, the validity of
the simulation model is verified using experiments.

2 Simulation and Experimental Methodology

This paper aims to investigate the liquid spreading behav-
ior in a kerf, focusing on a liquid supply mode involv-
ing direct spraying into the kerf. To simplify the model,
the single wire sawing of a sapphire ingot is taken as an
example.

2.1 Simulation Model and Boundary Condition

For the physical phenomenon of interest, a series of 3D
geometry models are built in different dimensions for
parametric simulation (the geometric dimensions of the
models are shown in Table 4, see Appendix), and their
structural features are shown in Figure 2. As shown in
Figure 2(a), the calculation domain is a cuboid, and the
inlet, a square orifice of 4x4 mm? is set at the center of
its top. In the calculation domain, an ingot model, is built
15 mm below the orifice to represent the nozzle position
during general sawing. To reduce computational load, the
ingot model was simplified to a thickness of 2 mm, and
a kerf was processed at the central section of the ingot
(Figure 2(a)). Moreover, as presented in Figure 2(d), the
sawing area on the kerf surface is simplified to a flat area
without the sawing wire.

The geometric models are then meshed into struc-
tured hexahedral grids, as shown in Figure 2(b), and
local mesh densification is conducted on the ingot and
kerf walls, as shown in Figure 2(c). Furthermore, grid
size independence is performed to enhance the accu-
racy and efficiency of the calculation. When the total
number of the grid nodes in the model is greater than
2.2 x 104, and the smallest grid volume is less than 2.3
x 1072 mm?, the simulation results do not have any
significant differences.

The boundary conditions for simulation are shown
in Table 1. All walls are assumed to be uniform sand-
grain surfaces with certain roughness heights K (the
determination of the K; depends on the measured sur-
face roughness). In addition, the operating pressure is
101325 Pa, the gravitational acceleration g is 9.8 m/s?,
and vy is the inlet velocity.
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Figure 2 Geometric model and grids: (a) Calculation domain
and geometric model, (b) Grid of the ingot with a kerf, (c) Local
mesh densification at the ingot and kerf walls, (d) Simplification
of the sawing area

2.2 Experimental Setup

The experimental setup (see Figure 3) consists of the fol-
lowing parts: (a) pump, (b) precision valve, (c) float flow-
meter, (d) 3D printing nozzle (with a 4 mmx4 mm square
outlet), (e) liquid recovery tank, (f) three-axis linkage
platform, and (g) high-speed camera (Phantom/V2511).
Parts (a)—(d) are connected using water pipes and are
located in the liquid recovery tank for flow control and
recovery. Additionally, a three-axis linkage platform is
fixed at the bottom of the tank, and a 2-inch ingot with a
sawn kerf is fixed on the platform (the sawing parameters
are shown in Table 5, see Appendix).

The experimental device was simplified based on a
diamond wire sawing machine (JXQ-1201) liquid sup-
ply system, but the actual sawing process was not con-
sidered. Furthermore, various physical parameters were
measured and controlled in the experiment to verify the
consistency of the experimental and simulated bound-
ary conditions. These include the dimensions of the ingot
and its kerf, and the nozzle size (see Table 2) for use in
the simulation. In addition, the position of the ingot was
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Figure 3 Experimental setup

adjusted using a three-axis linkage platform (ingot was
placed 15 mm below the nozzle). During the experi-
ment, the tank was first filled with the experimental liq-
uid before the pump was turned on, and the liquid flow
rate was set using the precision valve and float flowme-
ter, which allowed liquid flow at a certain flow rate from
the nozzle. Simultaneously, the entire process of liquid
entering and spreading in the kerf was captured using the
high-speed camera.

To clarify the effect of the physical properties of the
liquid, three solutions were prepared for the simulations
and experimental studies, as shown in Table 2, where u;,
p; and yy, are the liquid dynamic viscosity, liquid density,
and liquid surface tension, respectively. Solution A is a
2% aqueous solution of a commercially available cutting
fluid, solution B is PEG 200 solution, and solution C is
deionized water. The prepared solutions represent the
cutting fluids commonly used in DWS (mainly water-
based coolant) and MWSS (mainly composed of poly-
ethylene glycol (PEG)) [10], respectively. All the solutions
were prepared and measured at a room temperature of
298.15 K, and the liquid viscosity, surface tension, and
density were measured using a digital rotor viscometer
(NDJ-8S), liquid surface tension measuring instrument
(BZY-B), graduated cylinder, and precision electronic
scale, respectively.

2.3 Simulation Parameters

The basic parameters influencing the liquid spread-
ing process typically include the liquid properties, flow
velocity, and scale parameters of the flow environment
[15]. Therefore, the following simulation parameters were
chosen assuming that the liquid density p;= 999.12 is a
fixed value in the simulation study: Ay is the area of the
kerf center section, D,, is the kerf width, p; is the liquid
dynamic viscosity, y;, is the liquid surface tension, and
v; is the liquid velocity at the inlet area of the kerf.
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Table 1 Boundary conditions
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Zone Setting
Inlet Area: 9 mm?, Velocity-inlet: vo= 0.1-1.6 m/s
Outlet Pressure-outlet, gauge pressure: 0

Outer ingot wall
Inner kerf wall
Kerf surface

K=0.001 mm
K=0.005 mm
K:=0.030 mm

Table 2 Physical properties of different solutions

Solution iy (mPa-s) 01 (kg/m3) Y (mN/m)
A 153 999.12 49.10
B 31.65 112237 45.71
C 092 997.31 7192

where L is a commercially available cutting fluid, solution A is the 2% L aqueous
solution, solution B is the PEG 200 solution, solution C is the deionized water. All
the solutions are prepared and measured at room temperature of 298.15k

Table 3 Variations of simulation parameters

Parameters Variations

Ar (mm?) 223.14,1013.40,1782.94,9120.73,
3534291

Dy, (mm) 0.1,0.15,0.2,0.25,0.3,04, 0.5

w (mPa-s) 0.92—-3261

Y (MN/m) 20—80

vi (M/s) 0.55,0.58,0.67,097,1.68

The variations in the simulation parameters are
shown in Table 3, where Ay and D,, represent the devel-
opment trend in the industry (ingot diameter D;= 2,
6, 12 inch) and the actual processing conditions (sawn
depth Dy=D;/5, D;/2, 4D;/5), respectively. Additionally,
the liquid properties (physical properties of the solu-
tions) were set within a reasonable range (see Table 2).
According to Bernoulli’s theorem [15, 16], the varia-
tions in the v; are determined using the inlet velocity vg
(see Table 1) and distance /4; between the inlet and top
of the kerf as follows:

v = \/vg + 2gh; = \/vg +2x 9.8 x 0.015 = \/vg + 0.294.
1)
Moreover, three non-dimensional numbers, Reynolds
number Re = p;vly/t;, Weber number We = o;v2ly /vy,
and Capillary number Ca = vu;/y;, were introduced
to characterize the liquid flow state and analyze simu-
lation results [17]; where v is the fluid flow velocity
and [y is the characteristic length. For the liquid flow

in the kerf, [y is equal to the kerf width D,,, similar to
the flow between parallel plates [18]. In this study, the
maximum Reynolds number Remax in the kerf can be
approximately obtained as:

1122.37 x 1.68 x 0.0005
0.00092

Re . PlmaxVi max/0 max
max "~ =

1 min

~ 1024.7.

2)

Since Remax is less than the lower bound of the criti-

cal Reynolds number Re. (2000) [18], the liquid in the

kerf is laminar. For a Re>>1, the quantity of interest in

the effect of the surface tension is determined using the

Weber number [19], and the minimum weber number
is approximated as follows:

Wepin & PlminVi min 00 min
Viv min (3)

999.12 x 0.55% x 0.0001
= = 0.37.
0.08

Hence, the effect of the surface tension should not be
neglected since the Weber number We<1 [18].

2.4 Governing Equations and Solving Method

Since two-phase flow is involved in this study, a vol-
ume of fluid (VOF) method was introduced to capture
the gas-liquid interface. In the VOF model, the volume
fraction of each fluid is tracked down through each cell
in the domain [20]. For the fluid i, the volume fraction
o; is defined as follows:

o; = 0: The cell has no fluid i.

o; = 1: The cell is full of the fluid i.

o; < 0: The cell has an interface between the fluid i and
one or more other fluids.

Subsequently, the continuity equation for the volume
fraction was solved to track the interface. Assuming that
the subscript i represents the fluid i, the continuity equa-
tion has the following form [21]:

aivi) =0. (4)
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Moreover, the fluid properties in the continuity equa-
tion are determined based on their phase components
in each control volume. For the two-phase flow in this
study, the density and viscosity are given by:

p = ajpj + a;p; (5)

M= ajij+ o, (6)

where the subscript j represents fluid j. Depending on
the fluid properties, a momentum equation is then solved
for the velocity field that is shared among the phases [21]:

%(pf)) + V. (p¥W) =-Vp+ V- [M<W + WTH +pg+FE,
7)

where p is the static pressure, pg is the gravitational body
force and F is the external body force defined using the
source terms.

Considering the significance of the surface tension,
a continuum surface force (CSF) model [22] was intro-
duced. Here, the surface tension can be expressed accord-
ing to the volume force F, across the spreading interface,
which was added to the VOF model through the source
terms of the momentum equation, and can be given as
follows [23]:

ZkaOli
Fy=vji——, 8

(pi + £7) ®)
where y;; is the surface tension between the two phases,
n = Vq; is the surface normal, kK = V - 71 is the surface
curvature, and 7 = n/|n| is the unit normal vector to the
interface. Moreover, a wall adhesion term is introduced

to specify 71 at the liquid-solid-gas interface [24]:
il = i sinby; + £, cos b, 9)

where 71,, and £,, are the unit vectors normal and tangen-
tial to the solid wall, and 6, is the dynamic contact angle
between the liquid and wall. Based on Hoffman’s system-
atic study [25] of the 6, in glass capillary tubes, Jiang et al.
[26] deduced an empirical correlation which fits the data
equally well:

cos6,; — cos b

cosf +1 (10)

= —tanh (4.96Ca0'702),
where 6 is the static contact angle between liquid and
wall. In this paper, the free liquid jet flows from the
top to the kerf; hence, 65 is assumed to be similar to
the initial contact angle 6y when the liquid just reaches
the kerf. As shown in Figure 4, 6p can be defined as:
0o ~ 90° + arcsin(Dy/D;). Additionally, because D,
is much smaller than the diameter of the liquid jet
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D; = 0.004, 6; ~ 6y ~ 90°. Eq. (10) was then reduced to
Eq. (11) to characterize the dynamic contact angle:

cosf; = —tanh (4.96Ca0'702). (11)

The computational model was then implemented into
the Ansys Fluent software for calculation. Here, the
momentum equations were solved using the pressure-
based solver, and the continuity equation was solved via
implicit time discretization. For pressure velocity cou-
pling, the pressure implicit splitting of operators (PISO)
scheme [27] was used, and to calculate the calculation
accuracy, the global Courant number was set to 0.2
using an adaptive time step. In addition, a dynamic con-
tact angle was introduced using user defined functions
(UDE).

The following assumptions were made before the simu-
lation setup: (1) both the air and liquid are incompress-
ible fluids, (2) the motion of the wire is not considered
and the surface of the kerf is a stationary plane, (3) heat
transfer is not taken into account because the focus of
this study is the liquid flow regimes in the sawn kerf, and
the entire process is thermostatic at a temperature of
298.15 K.

3 Results
3.1 Liquid Entering-Spreading Progress
A simulation research was first conducted under the fol-
lowing parameters, which are close to the general situa-
tion: D;= 50.8 mm, A;=1013.4 mm?, D,,= 0.3 mm, v;=
0.4 m/s, and the liquid properties of the solution A.

The 3D liquid flow state outside the kerf is shown in
Figure 5(a). From Figure 5(a)i, the liquid first flows from
the top to bottom before coming into contact with the

Liquid

D,/2

Kerf

Figure 4 Schematic of the initial contact angle when the liquid just
reaches the kerf
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ingot, and a liquid layer is then gradually formed at the
outer edge of the kerf (Figure 5(a)iii—vi). Moreover, the
evolution of the liquid contour in the center section of
the kerf is shown in Figure 5(b). As the liquid reaches the
upper surface of the ingot (Figure 5(b)i), it enters the kerf
(Figure 5(b)ii) and spreads downward with an arc-shaped
gas-liquid interface (Figure 5(b)iii). Subsequently, the
spreading liquid reaches the kerf surface and gradually
covers the sawing area (Figure 5(b)iv). Finally, it saturates
the kerf and maintains an equilibrium state (Figure 5(b)v
and vi) when T > 0.45s.

To evaluate the spreading behavior, the liquid flow time
to reach the equilibrium state ¢, is taken as an evaluation
index in the following section.

(2023) 36:149
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3.2 Parametric Simulation
3.2.1 Effect of Kerf Area
Figure 6 shows the simulation results of various A (sim-
ulation parameters: Ap= 223.14 mm?, T= [0.07, 0.11,
0.21] s; Ago= 1013.4 mm?, T= [0.27, 0.35, 0.45] s; Ay3=
1782.94 mm?, T= [0.49, 0.58, 0.74] s; Ags= 9120.73 mm?,
=[1.92, 5.95] s; Ags= 35342.91 mm? T= [2.71, 17.80] s;
other simulation parameters: D,,= 0.3 mm, v;= 0.67 m/s,
liquid properties of the solution A). The evolution of
the liquid contours is presented using a scatter plot of
te. It should be noted that the liquid spreading interface
gradually transforms from arc-shape to a U-shape with
an increase in the A;. However, there is no fundamental
discrepancy in the liquid spreading regimes: the liquid
that flows into the kerf from the top to bottom spreads
to both sides after reaching the center of the sawing area
before finally reaching an equilibrium state. Moreover, the
results of Ay and Ays show that the kerf cannot be filled

i ii iii vi
Kerf U J} l l ] /I}L\
(a) / \ / )
| L ' .
e aturated
(b) 'I, \\. \\| '/‘\I \|
T (s) 0.05 0.09 0.27 0.35 0.45 0.76

Figure 5 Liquid entering-spreading process in the kerf: (a) 3D plot of the liquid dynamic flow state, (b) Transient evolution of the liquid contours

in the center section of the kerf
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Figure 6 Plot of the liquid flow time to reach the equilibrium in different kerf areas, and the evolution of the liquid spreading contour



Lin and Huang Chinese Journal of Mechanical Engineering

after the liquid contour is stable (Figure 6), which is attrib-
uted to the insufficient liquid flow. Further, £, significantly
increases with increasing Ay (Figure 6), which also indi-
cates that a higher liquid flow is required for a larger Ay.

3.2.2 Effect of Kerf Width

The simulation results of various D,, are shown in Fig-
ure 7 (simulation parameters: D,,;= 0.5 mm, 7= [0.14,
0.35] s; Dyo= 0.4 mm, T= [0.20, 0.39] s; D,3= 0.3 mm,
T= [0.30, 0.45] s; Dy4= 0.2 mm, T= [0.45, 1.04] s;
Dys= 0.1 mm, T= [0.35, 4.08] s; Ajp= 1013.4 mm?
vi= 0.67 m/s, liquid properties of solution A). ¢, exhib-
its an increasing trend as D,, declines, and significantly
increases when D,> D,4. Typically, a decrease in D,
makes it more difficult for the liquid to spread in the
kerf. Meanwhile, the spreading contours show a clear
discrepancy in the cases of various Dy,. In cases Dy1, Dy2
and Dy3, the liquid spreads with arc-shaped gas-liquid
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interfaces with different curvatures. However, in cases
D, 4 and D,,5, distinct air chambers are noted in the kerf.
The formation process of the air chamber phenomenon
is shown in Figure 8 (simulation parameters: D;= 50.8
mm, A;=1013.4 mm? D,= 0.1 mm, v;= 0.4 m/s, liquid
properties of solution A). It can be observed that for case
D5, the liquid spreads to both sides when it enters the
kerf (Figure 8i). Subsequently, the incoming liquid slides
along the outer edge of the kerf (Figure 8ii). A small
amount of the liquid then gradually seeps into the kerf
(Figure 8(b)iii) and wraps it in a liquid layer, forming an
air chamber in the kerf. Furthermore, as the liquid slowly
spreads and squeezes downward, an opening is created
in the wrapped liquid layer (Figure 8iv), from which air
is squeezed out. Therefore, the liquid spreads to the kerf
surface and gradually expels the air (Figure 8(b)v) before
finally reaching an equilibrium state (Figure 8(b)vi).

4+ Dw4 v
D D D,
wl w2 3 A Dws

T & - i,
B |I \\ l/ \. ll \l I(

s " " M '
N N WY '
it Y Y

v v
0 C. | \ 1 1 L 1
0.5 0.4 0.2 0.1

D, (mm)

Figure 7 Plot of the liquid flow time to reach an equilibrium for different kerf widths, and the evolution of the liquid spreading contour
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Figure 8 Results of the simulations under a kerf width of 0.1 mm: (a) 3D plot of the liquid dynamic flow regime, (b) Transient evolution of the liquid

contours in the center section of the kerf
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3.2.3 Effect of Liquid Viscosity

The simulation results for the various liquid viscosities
i, and the liquid spreading contours at a liquid flow time
of 0.3 s are presented in Figure 9, (simulation param-
eters: D;= 50.8 mm, Az= 1013.4 mm? D,= 0.3 mm, v;=
0.67 m/s, yp= 50 mN/m, p;= 999.12), where t, shows an
accelerated increasing trend with w;, based on the plot-
ted liquid spreading contours. Moreover, a sharp increase
in t. is seen between ;5 and w3 (as indicated by the red
arrow). This could be attributed to the formation of the
air chamber phenomenon when p; > w3 (see Figure 9).
By comparing the liquid spreading area using the same
flow time (0.3 s), it was confirmed that the grow of y,
significantly reduces the liquid spreading rate in the kerf
and contributes to the air chamber phenomenon.

3.2.4 Effect of Liquid Surface Tension

The simulation results for the various liquid surface ten-
sions yj,, and the liquid spreading contours at a liquid
flow time of 0.3 s are presented in Figure 10 (simula-
tion parameters: D;= 50.8 mm, A;= 1013.4 mm?, D,=
0.3 mm, v;= 0.67 m/s, ;= 3 mPa-s, p;= 999.12 kg/m?).
The profile of ¢, shows an upward trend as y}, increases,
and a growth spurt is presented between y;,3 and yj4.
Moreover, as yj, increases, the spreading interface gradu-
ally evolves from an arc-shape (1) to a flatter shape
(2 and yy3), further forming a liquid layer that wraps
the kerf and inducing the occurrence of the air cham-
ber phenomenon in the kerf (y;, > yj,4). Therefore, it is
speculated that the different spreading regimes can be
mutually-transform when the parameters are altered
within a certain limit. Therefore, it can be concluded that

50
I No air chamber Air chamber
formation formation
40 - v
- A~
’ AY
30 | 1 \
—_ Hn His His
<
~¥20 | ‘ A P By
d N
/ AY / \
1 \ 1 \
10 - Hp Hu v Y20
uvY
0 w
1 L 1 1 1 n 1 n 1
-10 0 10 20 30
H,; (mPa-s)

Figure 9 Plot of the liquid flow time to the equilibrium for various
liquid dynamic viscosities: ujr= 1 mPa-s, ujp= 1.5 mPa-s, ;3= 3 mPa-s,
4= 5mPa-s, wis= 15 mPas, wg= 30 mPa-s
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Figure 10 Plot of the time required to the reach the equilibrium
state under various liquid surface tensions: y,1= 20 mN/m, y,,= 30
mN/m, y,3= 40 mMN/m, yj,4= 50 mN/m, = 60 mN/m, y,5= 70 mN/m

the reduction in yj, facilitates liquid spreading in the kerf
and assists in avoiding the formation of an air chamber.

3.2.5 Effect of the Liquid Inlet Velocity

Figure 11 presents the simulation results for various liq-
uid velocities v;, and the liquid spreading contours at
a liquid flow time of 0.4 s (simulation parameters: D;=
50.8 mm, Ax= 1013.4 mm?, D,= 0.2 mm, = 3 mPa:s,
Y= 80 mN/m, p;= 999.12 kg/m3). For the plotted liquid
spreading contours, £, shows an accelerated increasing
trend as v; decreases. Moreover, a special phenomenon
is observed when v; = v;3, where almost no liquid could
flow into the kerf, and ¢, is considered to be infinite. Fur-
thermore, as v; decreases, the evolution of the spreading

18
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Figure 11 Plot of the time required to reach the equilibrium state
for various liquid velocities at the inlet area of the kerf: v;=1.68 m/s,
vir>=0.97 m/s, viz=0.67 m/s,viu= 0.55 m/s
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interface is observed again, where the spreading inter-
face gradually evolves from an arc-shape (v;1) to a liquid
layer wrapping the kerf (v; and v;3). Eventually, the liquid
could barely enter the kerf (v;4).

4 Discussion

In the preceding section, numerical simulations were
conducted to obtain the liquid spreading regime in the
kerfs. By comparing the transient evolution of the liquid
spreading contour, three typical liquid spreading regimes
were found: (I) The liquid spreads in an up-down direc-
tion with an arc-shaped interface; (II) the spreading lig-
uid wraps the outer contour of the kerf, forming an air
chamber in the kerf; and (III) the liquid can barely enter
the kerf.
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4.1 Experimental Verification

Experimental verifications were conducted focusing on
the three liquid spreading regimes. Here, the experi-
mental parameters are basically the same as those of the
simulations. As shown in Figure 12(a), (b), the simula-
tion and experimental results of solution A have very
similar evolutions of the liquid spreading contour with
corresponding flow times, which comprise arc-shaped
spreading interfaces. This confirms the existence of liquid
spreading regime I.

As shown in Figure 13(a), (b), similar liquid spreading
evolution process can be observed, and the air chamber
phenomenon is seen in both the simulation and experi-
mental results of solution B. This confirms the existence
of regime II.

As shown in Figure 14(a)—(c), a very similar evolution
of the liquid spreading contour is observed in both the

(b)

T(s) 0.06 0.12 0.26

0.53 0.70

Figure 12 Transient evolution of the spreading contours of solution A in the kerf: (@) Simulation results (A¢= 1782.94 mm?, D=50.8 mm, D,,= 0.25
mm, vi= 0.67 m/s), (b) Experimental results (Ax & 1780.14 mm?, D;=50.8 mm, D,,= 0.253 mm, v;= 0.41 m/s)
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Figure 13 Transient evolution of the spreading contours of solution B in the kerf: (a) Simulation results (4,= 1782.94 mm? D=50.8 mm, D,,= 0.25
m, vi= 0.67 m/s), (b) Experimental results (A; & 1780.14 mm?, D=50.8 mm, D,,= 0.253 mm, v,= 0.403 m/s)
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simulation and experimental results, where the liquid
barely enters the kerf and just spreads around the outer
edge. This proves the existence of liquid spreading regime
III.

4.2 Causes and Influences of Spreading Regimes

To determine the causes of different spreading regimes,
typical simulation cases are selected, and the liquid
contours, velocity vector, and pressure in the kerf for
a certain flow time are shown in Figure 15 (simulation
parameters: (I) D; = 50.8 mm, A =1013.4 mm?, D,=
0.3 mm, v;= 0.67 m/s, liquid properties of solution A, T'=
0.3 s; (II) D; = 50.8 mm, A; =1013.4 mm?, D,,= 0.1 mm,

(2023) 36:149
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v;i= 0.67 m/s, liquid properties of solution A, T= 0.45 s;
(I1I) D; = 50.8 mm, Ax =1013.4 mm?, D,,= 0.2 mm, vi=
0.58 m/s, i;= 3 mPa-s, y,= 80 mN/m, p/= 999.12 kg/m?,
T=0.35s).

For spreading regime I, a significant pressure gradient
(approximately 230—0 Pa, see Figure 15(b)-I) is observed
between the kerf top and spreading interface, which can
cause a large spreading velocity in the kerf [28, 29]. This
is attributed to the significant velocity vector in the kerf,
both in the liquid and air phases (Figure 15(a)-I). Thus, the
liquid can spread with an arc-shaped interface in the kerf.

For spreading regime II, there is a high pressure gra-
dient at the outer edge of the kerf (about 230—30 Pa,

(b)

TGs) 0.09 0.13 0.20

0.27 0.45 0.75

Figure 14 Transient evolution of the spreading contours of solution C in the kerf: (@) Simulation results (Ay= 1782.94 mm?, D;=50.8 mm, D,y= 0.25
m, vi= 0.55 m/s), (b) Experimental results (A, & 1780.14 mm? D,=50.8 mm, D,,= 0.253 mm, v;= 0.55 m/s)
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Figure 15 Three typical spreading regimes and their corresponding (a) vector diagrams and (b) total pressure nephograms
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Figure 15(b)-II) where the velocity vector is significant.
However, the pressure gradient is between the kerf top
and the spreading interface is very small (approximately
230—-170 Pa, see Figure 15(b)-II), making the velocity
vector almost invisible. Hence, the liquid is more likely to
seep in from the outer edge and form a liquid layer that
wraps the kerf, which results in the generation of an air
chamber.

For spreading regime III, there are no liquid pressure
gradients and velocity vectors in the kerf; consequently,
the liquid barely enters the kerf.

Overall, in spreading regime I, the liquid spreads easier
and quicker in the kerf to expel air from the sawing area,
infiltrate the processing area, and achieve its impor-
tant functions. However, in spreading regime II, the air
chamber significantly hinders the spreading behavior of
the liquid and increases the probability of dry cutting
during sawing. In spreading regime III, dry cutting has
a high likeliness of occurring [30], especially for MWSS,
causing the abrasive to not be carried by the liquid to
the sawing area. Therefore, it is very detrimental to wire
sawing.

4.3 Non-Dimensional Analysis

These results show that a decrease in the Ag, u;, 1, and
the growth of the D, and v; result in a reduction in the
te, which means that the liquid spreads better in the kerf.
However, in-depth analysis is yet to be conducted on the
interplay of these parameters and their synergy effects
on the spreading behavior. Moreover, it can be seen from
Figures 10, 11 that the different spreading regimes can be
mutually transformed when the parameters are altered to
a certain extent. To determine the mechanism, extensive
numerical simulations were conducted (all relevant simu-
lation parameters and results are shown in Table 6, see
Appendix) owing to their significant influence on small-
scale liquid flow.

Meanwhile, non-dimensional analysis was performed
to explore the synergy effect of the parameters using two
typical dimensionless numbers, the Weber number and
Capillary number, which were used owing to their sig-
nificant influence on small-scale liquid flow [19, 30]. The
Weber and Capillary numbers were each used to repre-
sent different simulation cases: We, = plv?lo /v and Cay,,
and the simulations were carried out within certain limits

of the We, (5—-300) and Ca, (0.3-8).
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The comprehensive simulation results for the non-
dimensional parameters We, and Ca, are plotted in
Figure 16. The log-log plot shows that there are clear
boundaries between the three spreading regimes. This
explains the mechanism of the mutual transformation
between spreading regimes. Moreover, the two boundary
lines were written by fitting the data in the boundary area
using (both with R? ~ 0.99):

l;. We, = 24.8Ca%%, (12)

ly. We, = 1.47Ca’". (13)

Therefore, a predictive model is proposed for identify-
ing the liquid spreading regime, which is given using a set
of Webb and Capillary numbers:

RegimeI: We, > 24.8Ca9‘65,
Regime II : 1.47(76{9‘1 < We, < 24.8Ca9‘65,
Regime III : We, < 1.47Cal".

(14)

Before the actual processing, the Weber (Ca, = wu;vi/vi)
and Capillary numbers (We, = p;vizlo /vw) were calcu-
lated by measuring parameters such as the kerf width
D,, (lo = Dy), the liquid flow rate v;, the liquid density p;,
the viscosity u;, and the surface tension yj,. For a given
set of Weber and Capillary numbers, the liquid spread-
ing regime can be predicted as: When We, > 24.8Cal®®,
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Figure 16 Non-dimensional map of the simulation results
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the liquid spreads according to regime I, when
1.47Ca% < We, < 24.8Ca%%, the liquid spreads accord-
ing to regime II; and when We, < 1.47Ca%, the liquid
spreads according to regime IIL

This paper provides insight into the influence of the lig-
uid spreading behavior in kerfs during wire sawing. It also
provides a new approach for solving problems that may
be encountered during wire sawing. However, additional
studies should be conducted to corroborate the applica-
tion of the dynamic contact angle model in 3D geometry.
Furthermore, the high validity simulation method used in
this paper may contribute to the research on the filling
flow in small scales, such as fluid problems in precision
machining, and micro injection molding.

5 Conclusions

(1) This study was designed to investigate the liquid
spreading behavior in wire-sawn kerfs. A CFD
simulation model was established, and parametric
simulations were successfully conducted to identify
the effect of the kerf area, kerf width, liquid viscos-
ity, liquid surface tension, and liquid velocity at the
inlet of the kerf.

(2) Based on the development trend in wire sawing,
an increase in the wafer area does not change the
liquid spreading regime in the kerf, but a reduc-
tion in the kerf width significantly hinders the lig-
uid spreading behavior. By adjusting the physical
properties and supply conditions of the liquid, the
spreading regime can be effectively converted to
facilitate wire sawing.

(3) Three typical liquid spreading regimes were found
in both the simulation and experimental results: (I)
The liquid spreads in the up-down direction with
an arc-shaped interface; (II) the spreading liquid
wraps the outer contour of the kerf and forms an
air chamber in the kerf; and (III) the liquid barely
enters the kerf. Moreover, the limiting conditions
of the three spreading regimes are identified using
a non-dimensional analysis, and a prediction model
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for the liquid spreading regime is proposed using a
given set of Weber and Capillary numbers. When
We, > 24.8Ca%%, the liquid spreads according to
regime I; when 1.47Ca%! < We, < 24.8Ca%%, the
liquid spreads according to regime II; and when
We, < 1.47Ca’!, the liquid spreads according to
regime IIL

Appendix
See Tables 4, 5, 6

Table 4 Parameters of the geometric model

Dj (mm) Ak (mm) Dy (mm)
50.8 223.14 03
10134 0.1,0.2,0.25,0.3,
04,05
1782.94 0.3
1524 9120.73 03
304.8 3534291 0.3

Table 5 Wire sawing conditions and parameters

Sawing conditions and parameters

Machine model JXQ-1201

Sawing method Single wire sawing

Wire speed 6m/s

Table speed 0.15 mm/min

Wire tension 25N

Sawing interval 50 m—1050 m

Ingot diameter 2-inch ingot with a length of 50
mm

Diamond wire saw Wire diameter 0.18 mm, dia-

mond particle size 30 um—40 um
42381 mm
0.223 mm

Sawn depth
Sawn width
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Table 6 Simulation parameters and results in the non-dimensional analysis (R refers to the spreading regimes in the kerf)

Dw ] Vv Vi oI We, Ca, R
(m) (N/m:s) (N/m) (m/s) (kg/m?)

0.0001 0.0015 0.049 0.67 999.12 0.925 0.021 I
0.0002 0.0015 0.049 067 999.12 1851 0.021 I
0.0003 0.0015 0.049 067 999.12 2777 0.021 |
0.0004 0.0015 0.049 067 999.12 3.702 0.021 |
0.0005 0.0015 0.049 067 999.12 4628 0.021 |
0.0003 0.0300 0.049 067 999.12 2777 0413 I
0.0003 0.0150 0.049 067 999.12 2777 0.206 I
0.0003 0.0050 0.049 067 999.12 2777 0.069 I
0.0003 0.0030 0.049 067 999.12 2777 0.041 I
0.0003 0.0020 0.049 067 999.12 2777 0028 |
0.0003 0.0015 0.049 067 999.12 2777 0.021 |
0.0003 0.0010 0.049 067 999.12 2777 0014 |
0.0003 0.0015 0.030 067 999.12 4536 0.034 \
0.0003 0.0015 0.050 067 999.12 2722 0.020 \
0.0003 0.0015 0.070 067 999.12 1.944 0014 |
0.0003 0.0015 0.080 067 999.12 1.701 0.008 \
0.0003 0.0015 0.080 0.55 999.12 1.139 0.007 \
0.0003 0.0015 0.049 0.55 999.12 1.860 0017 |
0.0003 0.0015 0.049 0.58 999.12 2,043 0018 \
0.0003 0.0015 0.049 067 999.12 2777 0.021 |
0.0003 0.0015 0.049 0.96 999.12 5713 0.030 \
0.0003 0.0015 0.049 168 999.12 1745 0.052 \
0.0002 0.0100 0.060 0.67 999.12 1512 0112 I
0.0002 0.0050 0.060 067 999.12 1512 0.056 I
0.0002 0.0030 0.060 067 999.12 1512 0.034 I
0.0002 0.0015 0.060 067 999.12 1512 0017 I
0.0002 0.0010 0.060 067 999.12 1512 0011 |
0.0003 0.0150 0.070 0.96 999.12 3.999 0.207 I
0.0003 0.0150 0.060 0.96 999.12 5599 0.290 I
0.0003 0.0050 0.020 067 999.12 6.804 0.168 I
0.0003 0.0050 0.030 067 999.12 4536 0.112 I
0.0003 0.0015 0.020 067 999.12 6.804 0.101 |
0.0003 0.0015 0.030 0.67 999.12 4536 0.067 |
0.0003 0.0015 0.040 067 999.12 3402 0.051 |
0.0003 0.0015 0.050 067 999.12 2722 0.040 I
0.0003 0.0015 0.060 067 999.12 2.268 0.034 I
0.0003 0.0015 0.070 067 999.12 1.944 0.029 I
0.0002 0.0010 0.072 0.55 999.12 0.898 0.007 Il
0.0002 0.0015 0.072 0.55 999.12 0923 0011 ll
0.0002 0.0050 0.070 0.58 999.12 1.056 0.041 Il
0.0002 0.0150 0.065 0.58 999.12 1.137 0.133 1]
0.0002 0.0400 0.060 0.58 999.12 12328 0.386 ll
0.0002 0.0010 0.08 0.55 999.12 0.755 0.006 i
0.0002 0.0050 0.08 0.55 999.12 0.755 0.034 i
0.0002 0.0150 0.08 0.55 999.12 0.755 0.103 ll

0.0002 0.0300 0.08 0.55 999.12 0.755 0.206 M1l
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